ABSTRACT Ghrelin is a peptide hormone that plays a modulatory role in the immune system. Studies have demonstrated that mammal ghrelin level is influenced by pathological status. However, it has not been reported whether chicken ghrelin level changes during pathogen infection. This study was designed to investigate changes of ghrelin levels in chickens infected with infectious bursal disease virus (IBDV) and to explore the relationship between ghrelin changes and bursal damage, and inflammatory cells infiltration induced by IBDV. The results showed that (1) plasma ghrelin concentration increased after IBDV infection. It reached a peak at 10443.6 ± 2612.9 pg/mL on 2 dpi, which was about 100-fold as high as that of the control. Then it decreased sharply on 3 dpi, which was only 31.7% as that of 2 dpi, and remained stable until 5 dpi. Meanwhile, ghrelin and ghrelin-related gene, ghrelin-o-acyltransferase (GOAT), and growth hormone secretagogue receptor (GHSR) mRNA expression levels in bursa were also increased after IBDV infection, and reached the peak on 2 dpi at 149, 28.8, and 117.2-fold higher than that of the control, respectively. Then they decreased and remained at a higher status. Correlation analysis showed that plasma ghrelin concentration and ghrelin, GOAT, and GHSR mRNA expressions in bursa were strongly associated with IBDV VP2 mRNA expression in bursa. (2) The damage of bursa was the most severe on 5 dpi with a histopathological score of 12. It had no direct correlation with plasma ghrelin level and ghrelin, GOAT, and GHSR mRNA expressions in bursa. However, the number of inflammatory cells infiltrating into bursa, which was the highest on 2 and 3 dpi, showed significant a positive correlation with the ghrelin and GHSR mRNA expression. Presumably chicken ghrelin may function as an anti-inflammatory factor. In conclusion, IBDV infection upregulates the expression of ghrelin and ghrelin-related gene in chickens, and chicken ghrelin may play an important regulatory role during pathogen infection.
INTRODUCTION
Ghrelin was originally isolated and identified in rat stomach in 1999 (Kojima et al., 1999) . Subsequent studies described ghrelin-like immunoreactivity in many nonmammalian species, such as amphioxus, shark, arctic char, bullfrogs, turtles, and chickens, suggesting the existence of ghrelin in both chordate ancestors and vertebrates (Kaiya et al., 2011) . Furthermore, ghrelin has been detected not only in the stomach, but also in the pituitary gland, salivary glands, ovary, heart, and cells of the immune system (Kaiya et al., 2011; Ma et al., 2015) . Ghrelin has 2 forms, acylated ghrelin and unacylated ghrelin, and the acetylation is catalyzed by ghrelin-o-acyltransferase (GOAT) (Gahete et al., 2014) . Circulating acylated ghrelin promotes growth hormone (GH) release and regulates feeding regulation C 2018 Poultry Science Association Inc. Received December 10, 2017. Accepted August 6, 2018. 1 Corresponding author: marsjy72@hotmail.com and energy metabolism through binding to its receptor, GH secretagogue receptor (GHSR) (Kojima et al., 1999; van der Lely et al., 2004) . In addition, ghrelin is linked to the functions of internal organs, such as the gastrointestine (Goswami et al., 2015) , reproductive organs (Wren et al., 2000) , and cardiovascular organs (Yamazaki, et al., 2002) . In recent years, more studies have demonstrated that both exogenous and endogenous ghrelin have modulatory effects on the immune system and exhibited strong anti-inflammatory activity (Kabil et al., 2014; Mao et al., 2015; Xu et al., 2015; Iwakura et al., 2017; Li et al., 2017; Zhang et al., 2018) .
Commonly, ghrelin peptide levels and ghrelin mRNA expression are regulated by many factors, such as nutrition, environmental temperature, and stress (Nakahara et al, 2010) . Increasing clinical studies demonstrated that ghrelin was also altered in pathological conditions. For example, ghrelin level was increased in chronic inflammatory diseases including chronic obstructive pulmonary disease and bowel disease (Karmiris et al., 2006; Uzum et al., 2014) . Lower ghrelin level was also 119 reported in patients with acute pancreatitis and liver cirrhosis Wang et al., 2017) . Ghrelin expression was also regulated by the phase of the disease progression. For example, Suzuki et al. (2004) demonstrated that numbers of ghrelin immunoreactive cells increased when Helicobacter pylori colonized fundic mucosa showing inflammatory cell infiltration and also decreased when H. pylori colonized fundic mucosa showing severe gastric mucosal atrophy.
Chicken ghrelin, which shares 54% amino acid sequence identity with rat and human ghrelin, was first isolated from proventriculus (Kaiya et al., 2002) and is distributed in many tissues, including the spleen and bursa (Ma et al., 2015) . Our previous research has demonstrated that both development and delayed feed access affected ghrelin expression in neonatal broiler chickens . However, whether pathogen infection influenced chicken ghrelin expression has not been reported.
Infectious bursal disease virus (IBDV) is a member of the genus Avibirnavirus of the family Birnaviridae. The virus genome encodes 5 polypeptides including VP1, VP2, VP3, VP4, and VP5. Of them, VP1 is an RNA-dependent RNA polymerase (Tacken et al., 2004) . VP5, a nonstructural viral protein, is involved in the apoptosis in IBDV-infected cells (Li et al. 2007 ). VP4, acting as a viral protease, has the role of self-cleavage (Hudson et al., 1986; Kibenge et al., 1991) . VP2 and VP3 are the major structural proteins and form the capsid of the mature virion (Dobos et al., 1979) , whose mRNA expression levels are usually used to represent the virus load. Although the main targets of IBDV are immunoglobulin M (IgM)-bearing B cells in bursa of young chickens (Withers et al., 2005) , studies demonstrated that replication of IBDV in bursa is accompanied by an influx of T cells at the site of virus replication (Tanimura and Sharma, 1997; Kim et al., 2000) . These IBDV-induced intrabursal T cells are activated and exhibit higher transcription of proinflammatory cytokines, such as chicken interleukin (ChIL)-1β, ChIL-6, and chicken interferon (ChIFN)-γ (Eldaghayes et al., 2006) , leading to systemic acute inflammation (Rauw et al., 2007) and bursa injury (Rautenschlein et al., 2002) . Therefore, in this study, chickens infected with IBDV were used as models, and the plasma ghrelin concentration, as well as the ghrelin, GOAT, GHSR, and virus VP2 mRNA expression in chicken bursa, was determined with enzyme-linked immunosorbent assay (ELISA) and quantitative realtime PCR (qRT-PCR) to demonstrate the effect of IBDV infection on ghrelin level and ghrelin-associated genes (GOAT and GHSR) expression. In addition, we also assessed the severity of bursal damage and the number of inflammatory cells infiltrating into bursa of chicken infected with IBDV with hematoxylin and eosin (HE) staining, and explored the relationship between ghrelin level and bursal damage, the number of inflammatory cells infiltrating. We hope that this study provides a basis for further research on the role of chicken ghrelin in the immune system.
MATERIAL AND METHODS

Experimental Design and Sample Collection
A classic IBDV strain BC6/85 was obtained from China Institute of Veterinary Drug Control (Beijing, China). Ninety newborn specific pathogen-free (SPF) Hy-Line brown laying chickens were presented by Hualan Biological Engineering Inc (Xinxiang, Henan). After hatching, chickens were maintained in negativepressure isolators (GJ-1, Suzhou Fengshi Laboratory animal equipment Co. Ltd) for 19 d at a SPF animal laboratory. The feed for SPF chickens was purchased from Merial Vital Laboratory Animal Technology Co., Ltd (Beijing, China) and prepared with boiled water, feeding was ad libitum. Then, the chickens were randomly divided into 2 groups (n = 40), and kept in 2 isolators in different rooms. One group of birds underwent ocular-nasal inoculation with the virulent IBDV strain BC6/85 at a dose containing 10 6.23 EID 50 /0.1 mL each. Chickens of the other group were mock treated with 0.1 mL sterile phosphate buffered saline (PBS) (pH = 7.38) each. At 1, 2, 3, 4, 5, and 7 days postinfection (dpi), 6 chickens were randomly taken from each group and euthanized with cervical dislocation under deep nembutal anesthesia (45 μg/g of body weight, intraperitoneal injection; Shanghai Chemical Factory, Shanghai, China). Plasma was obtained and stored at -80
• C for ELISA. The bursa of Fabricius (BF) was quickly collected from each bird. One part of each BF was fixed in 4% paraformaldehyde (Solarbio, P1110, Beijing, China) for HE and immunohistochemistry staining, and the other part of the BF was frozen in liquid nitrogen and stored at −80
• C for total RNA isolation. All animal experiments in the study were approved by the scientific ethical committee of Henan Institute of Science and Technology.
Histopathological Examination and Analysis
The deparaffinized tissue sections were stained with HE for histopathological examination. Histopathological score was based on the following criterion: 4 histological features of bursa were scored from 0 to 3 (none, mild, moderate, and marked), including bursal interstitial fibrosis, bursal follicle size, bursal follicle number, and lymphocyte number in bursal follicle. In addition, the same criterion was used to evaluate the number of inflammatory cells infiltrating into the bursa.
Immunohistochemistry and Morphological Measurements
The other deparaffinized tissue sections were incubated with mouse anti-VP3 antibody (1:200, Biorbyt, orb23535) at 4
• C overnight. Next, the sections were rinsed in 0.01 M PBS (pH 7.4) and incubated with horseradish peroxidase-conjugated goat anti-mouse Table 1 . Primers for VP2, Ghrelin, GOAT, GHSR, and β-actin used in the real-time PCR and amplified fragment size (bp).
Primer
Gene Sequence
immunoglobulin G (1:200, ZSGB-BIO, ZB-2305, Beijing, China) for 2 h at room temperature. Immunoreactivity was visualized using the DAB chromogenic reagent kit (ZSGB-BIO, ZLI-9018, Beijing, China). After the final rinse, the sections were mounted. The specificities of the immunostainings were verified by omitting the primary antibodies from incubation. The integrated optical density (IOD) of VP3-positive cells measured with Image Pro Plus 6.0 in the bursa of 20 cross-sections of each bursa was measured.
Detection of Plasma Ghrelin
A commercially available chicken ghrelin ELISA kit (CUSABIO, CSB-E14230C, Wuhan, China) was used to measure plasma ghrelin as previously described (Najafi et al., 2015; Yu et al., 2016) . To calculate ghrelin concentrations measured at the different time points, the standard curve was made with Curve Expert 1.4. The intra-assay variations were 1.6 to 8.1% and interassay variations were 9.4 to 14.7% for ghrelin measurements. Each sample was evaluated in 3 replicate assays. The detectable range was 25 to 400 pg/mL according to the ghrelin ELISA kit information.
Quantification of Ghrelin, GOAT, GHSR, and VP2 in BF
For qRT-PCR, total RNA was extracted from bursa with TRIzol reagent (Life Technologies, NY) and complementary DNA was synthesized by PrimeScript RT reagent kits with gDNA eraser (TakaRa, Dalian, China) as previously described . VP2 gene was used to quantify IBDV virus load. Further, 3 pairs of primers screened were used to detect the expression of ghrelin, GOAT, and GHSR, and β-actin was applied as internal standard. The primer pairs for VP2, ghrelin, GOAT, GHSR, and β-actin are shown in Table 1 . The real-time PCR procedure was described briefly as follows: an initial incubation for 30 s at 95
• C, 40 cycles of 5 s at 95
• C, 20 s at 58
• C, and 20 s at 72 • C. The quantification was based on the fluorescence detection by real-time PCR with SYBR R Premix Ex Taq TM II (Takara, RR820A, Dalian, China). The specificities of the PCR products were assessed by dissociation curve analyses. Each sample was repeated in triplicate. The data were analyzed with the QuantStudio 5 system (Applied Biosystems, Thermo Fisher Scientific, Marsiling, Singapore) using the 2 -ΔΔCT method.
Statistical Analysis
One-way ANOVA was used for all statistical analyses, using SAS software (version 8.01; SAS Institute, Cary, NC), to examine the differences. Pearson correlation coefficients in SPSS 17.0 were used in correlation analysis. The level of significance was set at P < 0.05 in all the analyses.
RESULTS
Histopathological Examination in Bursa of Infected Chickens
HE staining was used for histopathological examination of the bursa (Figure 1) , and the histopathological score is shown in Table 2 . A slight decrease in bursal follicles area and lymphocyte number in bursal follicles was observed on 1 dpi, and the lesion scoring was recorded as 2 according to the score criterion. On 2 dpi, slight interstitial fibrosis, smaller bursal follicles, and fewer lymphocytes in bursal follicles were observed, and the lesion scoring was recorded as 5. On 3 dpi, interstitial fibrosis became severe, follicles in the cortex of bursa disappeared, lymphocytes were lost, and vacuoles appeared in bursa follicles; the lesion scoring was recorded as 9. On 4 dpi, interstitial fibrosis remains severe, the basic structure of bursa follicle disappeared, and more vacuoles appeared. The lesion scoring was recorded as 11. On 5 dpi, the bursa was filled with fiber, the follicles disappeared, and more vacuoles emerged. The lesion scoring was recorded as 12. On 7 dpi, few lymphocytes were visualized, but fibrosis and vacuoles were still existed, and bursal follicles remain indistinguishable. The lesion scoring was recorded as 11. In addition, quite a number of inflammatory cells including T cells and heterophil cells infiltrated into bursa on 2 and 3 dpi, and the scores were both evaluated as 3 according to the criterion. Likewise, the scores were 1, 2, 1, 0 on 1, 4, 5, 7 dpi, respectively ( Table 2) .
Distribution of VP3 Immunopositive Cells in Chicken Bursa Infected with IBDV
To determine the characteristic of IBDV distribution in bursa of chicken infected with IBDV, VP3-positive cells were examined by immunohistochemistry staining. On 1 dpi, no VP3-positive cells were observed (Figure 2A-a) . On 2 dpi, VP3-positive cells were found between follicles and in the cortex of the bursal follicles, and few VP3-positive cells were detected distributing in the medulla of bursal follicles (Figure 2A-b) . The IOD of VP3-positive cells was 2902.0 ± 1442.9 ( Figure 2B ). On 3 dpi, the quantities of VP3-positive cells evidently increased in bursal follicles, with a large amount of VP3-positive cells gathering and existing in groups in the medulla of bursal follicles (Figure 2A-c) . The IOD of VP3-positive cells was 11237.8 ± 2824.1 ( Figure 2B ). It was about 3.9-fold of that of 2 dpi (P < 0.05). Subsequently, the number of VP3-positive cells decreased sharply on 4 dpi and the IOD of VP3-positive cells was 1617.3 ± 432.6. It was obviously lower than that of 3 dpi (P < 0.05) (Figure 2B ), whereas the VP3-positive cells still gathered in groups in the medulla of bursal follicles (Figure 2A-d) . On 5 dpi, the VP3-positive cell numbers decreased slightly and they mainly scattered sporadically between the follicles, with only a few VP3-positive cells still distributed in the follicles (Figure 2A-e) . The IOD was 541.9 ± 62.3 and significantly lower than that of 4 dpi ( Figure 2B ). However, on 7 dpi, the VP3-positive cell number increased slightly, and was 50% higher than that of 5 dpi.
Expression of VP2 mRNA in Chicken Bursa
Next, to detect proliferation of IBDV in chicken, we determined the transcriptional levels of the viral VP2 gene in bursa with qRT-PCR ( Figure 2C ). On 1 dpi, the VP2 mRNA was expressed and the quantity of VP2 mRNA expression level was set as 1. On 2 dpi, VP2 levels increased sharply and reached the peak, which was 3.4-fold higher than that of 1 dpi (P < 0.05), and then decreased consistently from 3 dpi to the end of the experiment. On 3 and 4 dpi, VP2 levels were 41.2 and 44.1% lower than that of 2 dpi (P < 0.05). On 5 and 7 dpi, expressions of VP2 mRNA were only 7.4 and 1.3% as high as that of 2 dpi, respectively (P < 0.05).
Plasma Ghrelin Levels
To reveal the effect of IBDV infection on chicken ghrelin expression, plasma ghrelin levels were assessed with an ELISA kit Figure 3A . The bursal plasma ghrelin level was 99.2 ± 16.1 pg/mL. After IBDV infection, the plasma ghrelin concentration rose dramatically with the concentration of 413.8 ± 45.7 pg/mL on 1 dpi, and increased to 10443.6 ± 2612.9 pg/mL on 2 dpi. Interestingly, the plasma ghrelin level decreased sharply on 3 dpi, which was only 31.7% as high as that of 2 dpi. Then, the plasma ghrelin concentration was kept stable with the concentration 3724.7 ± 450.2 pg/mL on 4 dpi and 4032.8 ± 1527.5 pg/mL on 5 dpi. While this stable state was not sustained long term, the plasma ghrelin concentration decreased again on 7 dpi, it was only 650.8 ± 99.9 pg/mL and was significantly lower than that of 5 dpi (P < 0.05).
Expression of Ghrelin, GOAT, and GHSR mRNA in Bursa
We then investigated the expression of ghrelin and ghrelin-related genes in bursa. Ghrelin mRNA expression increased significantly on 1 dpi, and it was 3.5-fold as high as that of the control (P < 0.05). It reached the peak on 2 dpi, at 149-fold higher than that of the control (P < 0.05). Subsequently, the expression level of ghrelin mRNA decreased and was 7.1-fold as high as that of the control on 3 dpi, and then kept stable until 7 dpi Figure 3B . The patterns of GOAT and GHSR mRNA expression in bursa were similar to that of ghrelin, increased significantly after infection with IBDV, and reached the peak on 2 dpi; they were 28.8 and 117.2-fold as high as that of the control on 2 dpi, respectively (P < 0.05). And then the expression of GOAT and GHSR mRNA decreased. The expression of GOAT mRNA was 5.3 and 9.7-fold as high as that of the controls on 3 and 4 dpi (P < 0.05) and the expression of GHSR mRNA was 49.0 and 24.8-fold as high as that of the controls on 3 and 4 dpi. After that, the expression of GOAT and GHSR mRNA continued to decrease. The expression of GOAT mRNA was 3.2 and 3.1-fold, and the expression of GHSR mRNA was 3.9 and 4.1-fold as high as those of the controls on 5 and 7 dpi (P < 0.05) Figure 3C , D. 
Correlation of Ghrelin and Ghrelin Related Genes with Virus Replication, Bursal Damage and Inflammatory Cells
The Pearson correlation analysis indicated that plasma ghrelin and ghrelin, GOAT, and GHSR mRNA in bursa were associated with VP2 mRNA level in bursa (r = 0.79, 0.83, 0.85, 0.89, respectively; P < 0.05 for all). However, no correlations were found between them and IOD of VP3-positive cells. There was also no significant correlation between ghrelin, ghrelin-related gene, and histopathological score of bursa. However, there was a positive correlation between ghrelin, GHSR mRNA level and the number of inflammatory cells in bursa (r = 0.758, 0.756, respectively; P < 0.05 for all) (Table 3) .
DISCUSSION
IBDV Infection Upregulated the Expression of Ghrelin and Ghrelin Related Gene
In this study, the results showed that plasma ghrelin concentration and ghrelin, GOAT, and GHSR mRNA expressions in bursa were upregulated in chicken infected with IBDV and there was a significant relationship between these compounds and virus VP2 expression in bursa. These data demonstrated that IBDV infection can affect the expression of ghrelin, GOAT, and GHSR in the bursa of chickens. To date, this is the first insight about the effect of virus infection on chicken ghrelin level. Numerous studies demonstrated that pathological status influences the level of ghrelin in mammals. For example, plasma ghrelin level is elevated in illness-induced cachexia in those marasmus (Nagaya et al., 2001) , and it is decreased in patients with polycystic ovarian syndrome with obesity (Barber et al., 2008) . In inflammatory diseases, such as ulcerative colitis and Crohn's disease, the ghrelin levels increase (Karmiris et al., 2006) . However, ghrelin is reduced in H. pylori infection and diseases associated with gastric atrophy or removal (Isomoto et al., 2005) . Hepatitis B virus-related liver diseases are also accompanied by changed serum ghrelin levels . Inflammatory cytokines such as IL-1β and TNF-α directly suppress ghrelin mRNA via the nuclear factor-κB pathway (Iwakura et al., 2017) . Thus, it is clear that ghrelin level in the pathological status is determined by various factors such as energy status, weight, inflammation, and gastric structure integrity. IBD is an acute, highly contagious disease in young chickens caused by IBDV. Clinical signs, including diarrhea, depression, feather ruffling, and loss of appetite, were observed in chickens infected with IBDV. In our study, the plasma ghrelin level increased about 100-fold and ghrelin, GOAT, and GHSR mRNA levels also increased approximately 150-, 29-, and 118-fold, respectively. Previous studies demonstrated that feeding was inhibited when chickens were injected with high concentration of ghrelin intracerebroventricularly and intraperitoneally (Furuse et al., 2001; Geelissen et al., 2006; Oclón and Pietras, 2011; Kaiya et al., 2013) ; therefore, the increase in ghrelin levels after IBDV infection was in accordance with the clinical sign of loss of appetite.
Chicken Ghrelin may Function as an Anti-Inflammatory Factor
In mammals, many reports demonstrate that ghrelin has the role of anti-inflammation (Chow et al., 2009; Taub et al., 2010; Baatar et al., 2011) . The present study showed a significant positive correlation between plasma ghrelin level and the number of inflammatory cells infiltrating into bursa induced by IBDV. Previous studies demonstrated that IBDV infection in chicken induced a large amount of inflammatory cells infiltrating during the early stage of IBDV infection (Kim et al., 2000; Rautenschlein et al., 2002) . Accompanied by inflammatory cells infiltrating into the bursa, proinflammatory cytokines IL-6, IL-18, IFN-γ, and IL-12α increase quickly, and as a result, acute inflammation occurred (Rasoli et al., 2015) . The higher ghrelin level accompanied by a large number of inflammatory cells infiltrating and acute inflammation induced by IBDV infection, suggesting that chicken ghrelin may function as an anti-inflammatory factor in IBD as mammalian ghrelin in acute and chronic inflammatory diseases.
As described previously, inflammatory cells infiltrating into the bursa after chicken IBDV infection could induce acute inflammation, which will result in severe damage of bursa. However, the results in the present study showed that the plasma ghrelin level and ghrelin mRNA expression in bursa increased significantly and reached the top on 2 dpi, whereas the bursal damage was the most severe on 4, 5, and 7dpi, and there was no correlation between ghrelin level and bursal damage. The reason may be that ghrelin responds quickly to acute inflammation resulted from IBDV infection, whereas damage is progressive and responds slowly to it.
To date, this is the first insight on the relationship between virus infection and chicken ghrelin expression. Our major findings in the present study were that IBDV infection could upregulate plasma ghrelin level and promote the transcription expression of ghrelin and ghrelin-related gene in chicken bursa, which suggested that chicken ghrelin may play an important regulatory role during pathogen infection. These data provide an additional factor that affects the ghrelin level, and also contributes to further investigation of chicken ghrelin function on the immune system.
